The effects of strain on the ordered L10 and L12 phases of PtxNi1-x (x=0.25, 0.5, and 0.75) have been investigated using both scalar and vector relativistic density functional theory (DFT). The spin orbit correction (SOC) orders the local magnetic moment vector along ΓR (ΓA) diagonal of the L12 (L10) phases. Applying tensile (compressive) strain to each phase causes the local magnetic moment of the crystal to increase (decrease). The SOC component of the local magnetic moment is independent of the stress applied to the crystal.
Introduction
Transition metal alloys have been widely seen to form solid solutions which develop magnetically under the influence of composition, temperature, and pressure. A series of subtle interactions control this behaviour, and the nature of these interactions is a subject of current interest. Structurally [1] these materials can appear as substitutionally disordered phases, or as an ordered phase, and can undergo a transition between structural phases with changes in temperature, pressure or stoichiometry. The magnetic character of the system can also be seen to undergo a phase transition during changes in these parameters and can either proceed alongside a structural phase transition or in lieu of structural change.
The Pt-based bimetallic alloys are chemically ordered below an order-disorder transition temperature. The ordered Ni-Pt [2] [3] and Co-Pt [4] alloys have either an L10 (P4/mmm) structure (CuAu type) or an L12       m 3 Pm _ structure (Cu3Au type) depending on the stoichiometry. These ordered systems disorder above order-disorder transition temperature; in the disordered system, the components of the alloy are randomly distributed on FCC lattice sites. Thermal hysteresis of 50K has been observed around am order-disorder transition temperature of 913K [5] with the L12 structure tending to demonstrate a higher degree of chemical ordering.
The local magnetic moment of the Ni atoms are sensitive to the concentration within the alloy and to the presence of local order. Estimates of the moment are further sensitive to the type of estimation performed -density functional theory (DFT) estimates of the Ni magnetic moment [6, [7] [8] lie in the region of approximately 0.2-0.6µB whereas the Pt moment lies in the region of approximately 0.1-0.2/0.3µB. The variance in these quantities is predominantly due to the concentration of Ni and Pt. For simulations of the Ni3Pt L12 structure the larger values of the Ni moment are seen, approaching the pure Ni value of 0.616µB [7] . The Ni moment becomes progressively smaller as the Ni concentration becomes less and the NiPt L10 and the Ni3Pt L12 structures are simulated. A second source of variance is the type of functional used with LDA estimates of the exchange-correlation tending to estimate moments that are approximately 0.1µB lower than the corresponding GGA estimates. GGA estimates of the local magnetic moment are seen to be closer to the experimental values than their LDA counterparts [6] with relativistic terms [7] improving the agreement. For these reasons the GGA is used exclusively in the current work.
So far, only the behaviour of the unstrained alloy has been considered. However, the importance of strain engineering with metallic systems is becoming widely recognised; in these investigations, the system is loaded with either tensile or compressive strains in order to effect changes in the nature of the system. Mechanisms to effect strain particularly on surfaces are developing, and one mechanism is used when pure metal layers form on alloy surfaces. In these circumstances, the lattice mismatch between the metal and alloy produces either a compressive or a tensile force in the surface layer. A widely recognised example of this is Pt3Ni(111) [9] [10] [11] which is 10-times more active in the oxygen reduction reaction (ORR) than Pt(111). Pure Pt overlayers form on this surface and over a series of similarly low Miller index surfaces [12] [13] [14] . The formation of these overlayers is not unique to Pt-Ni alloys and are seen across a range of bimetallic alloy surfaces [15] . However, the mechanism by which the surface reactivity changes for phase separated alloys is not clearly understood. Recent studies of the ideally bulk-terminated and Pt-terminated Pt3Ni surfaces [16] have discussed changes in the magnetic character of atoms and the electronic structure at the surface. More recent studies have investigated the effect of strain on the binding of hydrogen on pure Pt [17] and across a large range of pure, un-alloyed transition metal surfaces [18] . The results have shown that as the for strains of up 2% surface adsorbed H undergoes a structural transformation on Pt [17] , Pd and Ir [18] surfaces, and similarly undergoes structural transformations on other Fe, Rh, Ag and Os surfaces for larger strains [18] . The electronic state of the H atoms in these systems undergo significant changes during these structural transformations; this state is clearly then tuneable and directly involved in the reactivity of the surface particularly during H-bearing reactions such as the ORR.
A satisfactory understanding of the strained and unstrained bulk Pt-Ni alloy is a necessary precursor to studies of the surfaces. In addition, strain engineering of bulk magnets is a useful probe of the magnetic character of the system. Magnetism arises because of competition between the exchange mechanisms within the crystal and the motion of atoms. Deliberately deforming the crystal will cause the system to respond in a way that is controlled by and symptomatic of these mechanisms. Studies of the effect of volume changes on bcc Ni, fcc Co, bcc V and fcc Fe [19] have shown that non-magnetic/magnetic phase transitions occur in these systems and that the local magnetic moment curve may be simply modelled using a Landau energy expansion. Complementary experimental studies of both the pure [20] and hydrogenated [21] Fe, Ni and Co systems have explore the behaviour of the ferromagnetic state under pressure and have identified a distinct structural dependence of the state as well as its mediation by hydrogenation. Studies of the CeNi5 system [22] have used the Crystal Orbital Overlap Population (COOP) to develop an understanding of the mechanisms controlling the system response to strain as well as determining the response itself. Using this analysis it was shown that the Ce 4f and Ni 3d states carry the magnetic moment of the system and that Ce 4f moment is relatively insensitive to strain compared to the response of the Ni 3d moment. The study also showed that a significant strain-dependent interaction exists between Ce 6s-Ni 4s states which are delocalised and non-magnetic in character, and a weaker sect of interactions exist indicating competition localised and delocalised mechanisms exist in the crystal.
The current work will investigate the local magnetic moment of the bulk Pt3Ni, PtNi and PtNi3 phases using both scalar and vector relativistic density functional theory (DFT) and will, in part, clarify the role played by the spin-orbit correction (SOC) when the crystals are in equilibrium (zero strain) and when the crystals are subject to both compressive and tensile strain. The work is structured in the following way: in section 2 the Computational Details are presented, then in section 3 the computational results for each phase are presented and discussed in turn. Section 4 will then summarise and discuss the main findings of the work.
Computational Details
The plane-wave density functional theory (DFT) simulations presented in this work were performed using the Quantum Espresso package [23] . Brillouin zone sampling was performed using a first-order Methfessel-Paxton smearing of 0.02 Ry [24] . Scalar and vector relativistic ultra-soft pseudopotentials with non-linear core corrections were used [25] [26] together wavefunction kinetic energy cut-off of 75 Ry and a charge density/potential kinetic energy cut-off of 900 Ry. Both collinear and non-collinear spin-polarised simulations were performed in the current work. Vector (scalar) relativistic pseudopotentials were used exclusively for the noncollinear (collinear) simulations. In order to ensure that the magnetic lowest energy state was determined during the self-consistent cycle of the non-collinear simulations the polar and azimuthal angles were stepped in increments of π/4 through ranges of [0,2π] for each noncollinear simulation and the simulation was restarted for each initial orientation. Fig. 1 shows the structural models for the Pt3Ni, PtNi3 and PtNi systems. Table 1 summarises the structural parameters determined for these systems. To ensure convergence, the determined structural parameters presented in Table 1 were compared with parameters obtained from simulations using a wave-function kinetic energy cut-off and a charge density/potential kinetic energy cut-off of 100 Ry and 1200 Ry, respectively, and no significant difference was noticed. The results in Table 1 indicate that the structural parameters are significantly improved when compared to the experimental values by the inclusion of semi-core states and this improvement generally continued with the inclusion of an f semi-core state to the Pt pseudopotential. The Brillouin zone sampling was performed on a sequence of (6×6×6), (8×8×8), (10×10×10), (12×12×12)¸ (14×14×14), (16×16×16), (18×18×18), and (20×20×20) grids. Convergence was identified with a sampling between (12×12×12) and (14×14×14). A Brillouin zone sampling of (20×20×20) was used for all the results presented in this work.
Lattice strain ε was defined as
The strained and equilibrium (zero strain) lattice constants are as and a, respectively. The range of ε was ±5% was decided to be comparable with the lattice mismatch between the Pt-Ni alloys and pure Pt and Ni metals. For the L10 simulations the ratio c/a was not changed during strain; consequently, the strained and equilibrium . These increases are approximately linear for the L12 phases and for the tensile (ε>0) L10 phases; for the compressively strained L10 the increases are non-linear. The local magnetic moment was evaluated for both noncollinear and collinear spin polarisation. The curvatures of the two sets of curves are seen to be very similar. The most significant difference between the non-collinear and collinear simulations are that the curves are offset from one another suggesting that the most significant difference between the two sets of simulations is a local magnetic moment which remains constant under strain.
The local magnetic moment was seen to only exist in the Pt and Ni d states for all ε. To investigate the mechanism which drives these changes a population analysis of all of the Ni and Pt states was performed. This analysis will be summarised now though is presented in full in the Supplementary Table S1 . The fractional change in the occupation of each of the Pt and Ni s, p and d states are 0.2-0.5% under strain. These fractional changes were seen to be comparable for simulations which used Pt (spf) Ni (sp) and Pt (sp) Ni (sp) semi-core states, when compared with simulations that did not use semi-core states. Consequently, because the Pt (spf) simulations required more computation time but did not yield significantly more precise results compare to the Pt (sp) simulations, all subsequent calculations were performed using pseudopotentials that have Pt (sp) Ni (sp) semi-core states.
The fractional changes in the occupation of each of the Pt and Ni s, p and d states during strain are insufficient to explain the changes in local magnetic moment seen in Fig. 2 . Consequently transitions between d sub-orbitals must be responsible. This assertion is quantified in Fig. 3 for the non-collinear case. Fig. 3 shows the variance ν in the occupation of the of the non-collinear mj components Ni and Pt d states for each of the alloys under strain ε. As the variance increases then the differences in occupations of the non-collinear mj components changes which results in a magnetic moment. The variances are greatest for the Ni d states which is consistent with Fig. 2 which shows that the greater magnetic moment is carried by the Ni d states compared to the Pt d states. Fig. 4 shows the band structures of the Pt3Ni, PtNi and PtNi3 alloys under equilibrium (ε =0%) and under the extremes of strain considered in the current work (ε=±5%). The band structures were calculated using non-collinear spin polarisation. For each alloy the band structures show a narrowing as the strain becomes increasing tensile and markedly a sequence of horizontal states in the ΓR [29] interval of the L12 dispersions, the XM interval of the PtNi3 dispersion and around the Γ point in the L10 dispersion.
The total spin polarisation S(k,E) was defined as 
The Sk(k) are shown in Fig. 4 . It can be seen that the Sk(k) are dispersed throughout k-space, both along components which lie in the {001} portions of the space and those that lie along the diagonal ΓR sections. Considering the components of Sk(k), the S1 and S2 were generally zero and Sk(k) was defined by S3. The S1 and S2 were non-zero along the ΓR diagonal of all alloys and along the ΓA diagonal of the L10 PtNi phase. Additional regions satisfying S1=0 and S2≠0 along the XA direction and S1≠0 and S2=0 along the ΓA direction of the L10 PtNi alloy.
It has already been shown that the variation in magnetism under strain is predominantly independent of whether spin-orbit corrected (vector relativistic) non-collinear spin polarisation or scalar relativistic collinear simulations should be used. Consequently the directional component observed in the band structure analysis may be anticipated to have little effect on the local magnetic moment. However the effect of strain on the directional component cannot be inferred from this observation. So, to investigate the stability of these directional components under strain Fig. 5 shows the correlation between the S1 for alloys under strains of ε=±5% with the alloy at equilibrium (ε=0%). Each panel in Fig. 5 shows a black line with unit gradient. If S1 is entirely unaffected by ε then the data in panel will lie along this line. The deviation of the data from this line is a measure of the effect of ε on S1. The red line is a best fit straight line through the data of each panel. It can be see that, for the L12 alloys, when the ordinate is ( )
that the slope of the red line is greater than (less than) zero. This shows that, very generally, the magnitude of S1 increases (decreases) under compressive (tensile) for the L12 alloys. The situation is more complicated for the L10 PtNi alloy where the correlation between strained and unstrained S1 is lower than for the L12 alloys and consequently the linear analysis is less likely to be a reliable metric.
Conclusions
The current work has investigated the local magnetic moment of the ordered L10 and L12 phases of Pt3Ni, PtNi and PtNi3 using both scalar and vector relativistic density functional theory (DFT). The scalar and vector relativistic simulations were performed using collinear and non-collinear spin, respectively. The effect of straining each alloy is to decrease or increase the magnetism of the alloy depending whether the strain is either compressive or tensile, respectively. Analysing the charge populations of each alloy when strain is applied shows that the Ni and Pt d orbitals are magnetised whereas all the other orbitals are non-magnetic. For non-collinear simulations, the change in local magnetic moment is accompanied by charge transfer between sub-shells of mj. However, the total occupation of each total angular momentum j subshell remains constant.
Comparing the band structures of each alloy under strain (ε=±5%) and at equilibrium (ε=0%) shows that the band structures become narrower as the strain becomes increasingly tensile. The vector-relativistic non-collinear simulations have shown that a directional component of local magnetic moment lies along the ΓR and ΓA diagonals of the L12 and L10 phases, respectively. This directionality doesn't significantly affect the behaviour of the local magnetic moment of the entire unit cell under strain but the magnitude of the directional component is affected by strain. Table 1 . Summary of the structural parameters of the Pt3Ni (L12), PtNi (L10) and PtNi3 (L12) systems. The results in these tables were determined under equilibrium conditions where the strain was zero, and for both scalar-and vector-relativistic pseudopotentials. C denotes collinear (scalar relativistic) and NC non-collinear (vector relativistic). 5 . Stability of S1, the expectation value of the σ1 spin operator, under compressive (ε=-5%) and tensile (ε=+5%) strain compared to the expectation value under zero (ε=0%) for the Pt3Ni, PtNi and PtNi3 alloys. The black line has unit gradient; the line of best fit through the data is shown in red and is intended as a guide for the eye. 
